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Arterial–ventricular coupling and
parameters of vascular stiffness in
hypertensive patients: Role of gender
Luca Faconti1,2, Rosa Maria Bruno1,3, Simona Buralli1,
Marta Barzacchi1, Elisa Dal Canto1, Lorenzo Ghiadoni1
and Stefano Taddei1
Abstract
Objective: Non-invasive estimation of arterial–ventricular coupling has been extensively used for the evaluation of cardio-
vascular performance, however, a relative small amount of data is available regarding arterial–ventricular coupling and its
components in hypertension. The present study was designed to investigate the relationship between left ventricular elastance,
arterial elastance, parameters of vascular stiffness and the influence of gender in a population of hypertensive individuals.
Methods: In 102 patients, trans-thoracic cardiac ultrasound, parameters of aortic stiffness (carotid-femoral pulse wave
velocity) and wave reflection (augmentation index) were recorded. Ultrasound images of common carotid arteries were
acquired for the assessment of intima-media thickness as well as carotid compliance and distensibility coefficient.
Results: Mean age was 61 years, 32% diabetes, 56% dyslipidemia, 9% previous cardiovascular events; women (n¼ 32) and
men were superimposable for cardiovascular risk factors prevalence. In the population, ventricular elastance was signifi-
cantly correlated with arterial elastance (r¼ 0.887), age (r¼ 0.334), gender (r¼0.494), BMI (r¼0.313), augmentation
index (r¼ 0.479) (all p< 0.001); and with carotid compliance and distensibility coefficient (r¼ 0.229 and r¼ 0.250,
respectively, both p< 0.05); however, only arterial elastance and gender were independently associated with ventricular
elastance in multiple regression models adjusted for confounding factors. Gender-specific analysis revealed that arterial
elastance and augmentation index remained statistically significant associated with ventricular elastance in men (r¼ 0.275,
p¼ 0.04); instead augmentation index was no longer significant (r¼ 0.052, p¼ 0.77) in the female sex.
Conclusions: In hypertensive patients, main determinants of ventricular elastance are arterial elastance, as an integrated
index of arterial vascular load, and gender; however, pressure augmentation might play an additional role in men.
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Introduction
Heart is anatomically and functionally connected with
the vascular tree and their interplay, described as
arterial–ventricular coupling (AVC), is a major determin-
ant of cardiovascular (CV) performance, which inﬂuences
the eﬃciency of the system and the magnitude of energy
transmitted from heart to peripheral circulation.1
AVC can be expressed as the ratio of arterial ela-
stance (Ea) to left ventricular elastance (Elv),2 where Ea
is an integrated index of net arterial load that is
imposed to left ventricle work and Elv is an index of
contractility and systolic stiﬀness of myocardium.3
Mechanical energy transferred from heart to vessels is
maximal when the two elastances are approximately
equal.4 In hypertensive individuals, increased arterial
stiﬀness coupled with increased ventricular stiﬀness
1Department of Clinical and experimental Medicine, University of Pisa,
Italy
2Department of Clinical Pharmacology, King’s College London, UK
3Institute of Clinical Physiology, CNR, Italy
Corresponding author:
Luca Faconti, Clinical Pharmacology, 4th Floor, North Wing, St Thomas’
Hospital, Westminster Bridge Road, SE1 7EH London, UK.
Email: luca.faconti@kcl.ac.uk
Journal of the Royal Society of
Medicine Cardiovascular Disease
6: 1–8
! The Author(s) 2017
Reprints and permissions:
sagepub.co.uk/journalsPermissions.nav
DOI: 10.1177/2048004017692277
journals.sagepub.com/home/cvd
Creative Commons CC-BY-NC: This article is distributed under the terms of the Creative Commons Attribution-NonCommercial 3.0 License (http://www.
creativecommons.org/licenses/by-nc/3.0/) which permits non-commercial use, reproduction and distribution of the work without further permission provided the
original work is attributed as specified on the SAGE and Open Access pages (https://us.sagepub.com/en-us/nam/open-access-at-sage).
have been reported, and despite an optimal coupling
(Ea/Elv& 1), these alterations might lead to hemo-
dynamic consequences, because a stiﬀer heart–arterial
system generates a greater systolic pressure change for a
given stroke volume (SV).5
Moreover, there are known sex diﬀerences in arterial
and ventricular properties: (women tend to have higher
values of Ea and Elv compared to men) which might
play an important role in the well established increased
prevalence of heart failure with preserved ejection frac-
tion (HFpEF) in the female sex6,7
However, little is known about inﬂuence of arterial
stiﬀness on AVC and in particular, the inﬂuence of vas-
cular properties on Elv, which can be considered an
index of contractility partially independent to load
conditions.
Based on these concepts, the present study investi-
gated the relation between Elv, Ea, parameters of vas-
cular stiﬀness and the inﬂuence of gender in a
population of hypertensive individuals.
Materials and methods
The study included 102 patients, enrolled at the
Hypertension Outpatient clinic of the Department of
Clinical and Experimental Medicine of the University
of Pisa (Italy); hypertension was diagnosed based on a
history of this condition and/or high blood pressure
(BP) values according to 2013 ESH/ESC Guidelines
for the management of arterial hypertension.8 Clinical
evaluation, BP measurements and blood tests were per-
formed at the time when ventricular and arterial prop-
erties were assessed: all patients were hypertensive
individuals in sinus rhythm.
Oﬃce BP was measured at the brachial level in the
sitting position by a trained physician, with the patients
resting for at least 10min under quiet environmental
conditions. BP measurement was repeated at least
three times at 2-min intervals using an automatic oscil-
lometric device (OMRON-705IT, Omron Corporation,
Kyoto, Japan).
The exclusion criteria of the study were: diagnosis of
heart failure, coronary heart disease, valvular heart dis-
ease, arrhythmia, arm circumference too large or small
to allow accurate BP measurement, severe chronic
kidney disease (eGFR< 30mL/min/1.73mq).
The study conformed to the Declaration of Helsinki
and all patients provided written informed consent
prior to entering the study.
Echocardiography study
Trans-thoracic cardiac ultrasound was performed in all
patients using a GE Vivid 7 Ultrasound system in line
with published recommendation of the American
Society of Echocardiography and the European
Association of Cardiovascular Imaging.9 All measure-
ments were performed and analyzed by a single expert
operator and acquisitions were individually optimized
for depth, gain and frame rate to maximize image qual-
ity and minimize inconsistency in acoustic windows.
Standard M-mode and 2D imaging were undertaken
at rest. Images were saved in raw data format for oﬄine
analysis.
LV mass (LVM) was calculated according to the
Recommendations of the American Society of
Echocardiography and the European Association of
Cardiovascular Imaging9 and it was indexed both to
BSA, to obtain the LV mass index (LVMI), and to
height 2.7, to obtain LVMI/h to avoid a systematic
misclassiﬁcation of CV risk in overweight and obese
patients.
LV end systolic volume (ESV) and LV end diastolic
volumes (EDV) were measured using Simpson’s
method and their values were used for the evaluation
of ejection fraction (EF). Stroke volume was calculated
using LV outﬂow track (LVOT) diameter and velocity
time integral.9
LV diastolic function was estimated by aid of con-
ventional Doppler mitral inﬂow and tissue Doppler of
mitral annulus, in line with published recommenda-
tions10 and the ratio E/e0 was used for the evaluation
of LV ﬁlling pressure.
Integrated assessment of arterial function
Images of right and left common carotid arteries were
acquired and analyzed with high-resolution echo-track-
ing system (MyLab25, Esaote, Florence, Italy). Intima-
media thickness (IMT) was determined according to the
established standards11 (and the mean value between
right and left artery was used for statistical analysis).
After clear visualization of the IMT of both anterior
and posterior arterial wall in its longitudinal axis with
maximal internal diameter, the echo-tracking sample
was used for continuous detection of carotid diameter
changes. Carotid distensibility coeﬃcient (DC) and car-
otid cross-sectional compliance (CC) were calculated
using validated formula12,13 (Box 1).
Applanation tonometry of the radial artery was used
for the evaluation of central BP, augmentation index
(AIx) and end-systolic pressure (ESP), using a general-
ized validated transfer function (SphygmoCor soft-
ware).14 An in-device quality rating of 80% was
required for all recordings used in analysis.
Pulse wave velocity (PWV) was measured using a
previously described technique.12 Distances from the
suprasternal notch to the femoral artery and from the
carotid artery to the suprasternal notch were measured
as straight lines with a tape measure, recorded to the
2 Journal of the Royal Society of Medicine Cardiovascular Disease 6
nearest mm and subtracted; pressure waveforms were
taken at the right common carotid artery and then at
the right femoral artery for the evaluation of transit
time and calculation of carotid-femoral PWV.
Arterial ventricular coupling
Non-invasive assessment of Ea and Elv (Box 1) was
determined using end systolic pressure (ESP) derived
from the arterial waveform using applanation tonome-
try, as this method is more reliable compared to the
estimation from brachial systolic BP.15 Subsequently
their ratio of Ea/Elv was calculated in every patient
and it was used as index of AVC (Box 1).
Statistical analysis
Statistical analysis was performed using NCSS 2008
(NCSS: Kaysville, Utah, USA). Results were expressed
as mean SD. Diﬀerences in means among gender
groups were analyzed using t test for normally distrib-
uted variables, or Wilcoxon Rank Sum Test for not
normally distributed variables. Categorical variables
were analyzed by 2 test. Pearson’s Product was used
to explore correlations among variables. Multiple linear
regression analysis was performed including parameters
correlated with the dependent variable with p< 0.05.
Results
Clinical characteristics of the population are shown in
Table 1. Mean age was 61 years old; 32% had diabetes,
56% dyslipidemia, 9% previous CV events. Women
(n¼ 32) and men were superimposable for CV risk
factor prevalence.
Arterial function parameters, cardiac ultrasound
ﬁndings and AVC characteristics are presented in
Table 2.
Table 1. Clinical characteristics of the study population according to gender.
Parameter Overall population (n¼ 102) Male (n¼ 70) Female (n¼ 32) p value
Age (years) 61 11 60 12 63 9 0.158
BMI (kg/m2) 28.5 4.5 28.6 4.3 28.4 5 0.855
Obesitya,b 34 (33.3) 23 (32.8) 11 (34.4) 0.693
Waist circumference (cm) 102.3 13.4 105 12 97 14.2 0.005
Smokinga 27 (26.5) 17 (24.3) 10 (31.3) 0.708
Previous CV eventa 9 (8.8) 6 (8.6) 3 (9.3) 0.156
Diabetesa,c 33 (32.4) 23 (32.1) 10 (31.25) 0.135
Dyslipidemiaa,d 57 (55.8) 36 (51.4) 21 (65.6) 0.132
Systolic BP (mmHg) 141.6 17.3 141.4 15.2 142.1 21.4 0.827
Diastolic BP (mmHg) 79.1 11 79.3 11.3 78.6 10.1 0.811
Heart rate (bpm) 71.5 11.5 70 11.1 74.9 11.7 0.036
Fasting plasma glucose (mg/dL) 108.5 25.5 108.8 29.1 107.9 27.8 0.909
Total cholesterol (mg/dL) 207.3 44.9 204.7 47.5 213.40 38.4 0.472
LDL cholesterol (mg/dL) 128.1 41.1 127.3 43.8 127.7 35.2 0.959
HDL cholesterol (mg/dL) 51.8 15.8 46.4 12.8 62.8 17.1 <0.005
Triglycerides (mg/dL) 149.2 85 159.1 93.6 126.3 55.9 0.150
Creatinine (mg/dL) 0.9 0.2 1 0.2 0.7 0.1 <0.005
Values are expressed as mean SEM or
aabsolute value (percentage).
bObesity is defined by BMI> 30 kg/mq.
cDiabetes was diagnosed according to medical history.
dDyslipidemia was diagnosed according to medical history.
Box 1. Formulas.
Carotid compliance (CC) (2d/ds)/p
Carotid distensibility coefficient (DC) (d/ds)/2p/pds2
Ventricular elastance (Elv) ESP/ESV-V0
Arterial elastance (Ea) ESP/SV
Arterial–ventricular coupling (AVC) Ea/Elv
d: change in arterial diameter; ds: systolic diameter; p: difference
between the average systolic and the average diastolic blood pressures;
ESP: end systolic pressure; ESV: end systolic volume; V0: theoretical
volume when no pressure is generated; SV: stroke volume.
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In the overall population, Elv was signiﬁcantly cor-
related with Ea (r¼ 0.887, p< 0.001), age (r¼ 0.334,
p< 0.001), gender (r¼0.494, p< 0.001) and BMI
(r¼0.313, p< 0.001).
Independent signiﬁcant associations between Elv
and diﬀerent clinical parameters at the univariate ana-
lysis were identiﬁed with multivariate linear regression
analysis (including EA, BMI, age, BP and gender) and
only Ea (r¼ 0.860, p< 0.001) and gender (r¼0.024,
p¼ 0.011) were independently associated with Elv.
Focusing on parameters of vascular stiﬀness, direct
correlation of Elv with AIx (r¼ 0.479, p< 0.001) and
CC (r¼ 0.229, p< 0.05): and inverse correlation with
DC (r¼0.250, p< 0.05) were found. However these
associations were not statistically signiﬁcant in multiple
regression models adjusted for confounding factors
(age, sex, BMI, BP). Univariate analysis showed the
lack of correlation between Elv and PWV (r¼ 0.140,
p¼ 0.166).
When vascular characteristics were analyzed separ-
ately according to gender, Elv and Ea were higher in
women than in men (1.73 0.43 vs 1.31 0.34mmHg/
mL and 1.36 0.42 vs 1.02 0.29mmHg/mL,
p< 0.001), while their ratio was similar (0.77 0.09
and 0.78 0.10, p¼ 0.650). Women showed also
greater AIx (31.42 9.62% vs 21.88 11.36%,
p< 0.001) and PWV (9.85 2.57 vs 8.85 1.92m/s,
p¼ 0.028) values compared to men, while CC, DC
and IMT were similar (Table 2).
Analyzing correlations of Elv, a signiﬁcant associ-
ation with Ea (women: r¼ 0.833; men: r¼ 0.880, all
p< 0.001) (Figure 1) and BMI (women: r¼0.458;
men r¼0.352, all p< 0.01) was found in both sexes.
Regarding parameters of vascular stiﬀness, AIx showed
Table 2. Vascular and cardiac parameters of the study population according to gender.
Overall population (n¼ 102) Male (n¼ 70) Female (n¼ 32) p value
IMTb (mm) 0.757 0.176 0.748 0.191 0.775 0.139 0.486
CCc (103 kPa) 9.77 4.15 10.27 3.91 8.65 4.48 0.074
DCd (103 kPa) 23.06 9.93 23.79 9.67 21.39 10.47 0.270
aSBPe (mmHg) 128.8 17.3 127.2 16 132.5 19.8 0.153
aDBPf (mmHg) 80.5 10.8 80.4 11.3 80.7 10 0.910
AIx (%) 24.9 11.7 21.9 11.4 31.4 9.6 <0.001
PWV (m/s) 9.2 2.2 8.8 1.9 9.8 2.6 0.028
LAVIg (ml/m2) 31.5 11.3 31.7 11.5 30.9 11.1 0.730
LVMI (g/m2) 120.3 18.1 124.8 16.7 108.9 16.9 <0.001
LVMI/h (g/m2.7) 54.8 9.3 55.9 9.1 52.1 9.6 0.080
RWTh 0.39 0.04 0.40 0.04 0.39 0.03 0.288
E/Ai 0.86 0.23 0.89 0.25 0.81 0.19 0.135
E/E0 j 8.99 2.65 8.90 2.55 9.16 2.87 0.645
S0k (cm/s) 8.23 1.15 8.38 1.25 7.90 0.85 0.051
EF (%) 56.29 3.12 56.20 3.20 56.47 2.30 0.683
SV (ml/min) 62.05 14.62 65.37 15.07 55.10 10.80 <0.001
Elv (mmHg/mL) 1.45 0.42 1.31 0.34 1.73 0.43 <0.001
Ea (mmHg/mL) 1.13 0.38 1.02 0.29 1.36 0.42 <0.005
Ea/Elv 0.78 0.10 0.78 0.10 0.77 0.09 0.650
AIx: augmentation index; PWV: pulse wave velocity; LVMI: LV mass index; EF: ejection fraction; SV: stroke volume; Elv: ventricular elastance; Ea: arterial
elastance.
Values are mean SEM.
bIntimal-media-thickness.
cCarotid compliance.
dCarotid distensibility coefficient.
eAortic systolic BP.
fAortic diastolic BP.
gLeft atrium volume index.
hRelative wall thickness.
iRatio of the early (E) to late (A) ventricular filling velocities.
jRatio of tissue Doppler imaging of early diastolic velocity of the mitral annulus (E0) and the early (E) ventricular filling velocity.
kTissue Doppler Imaging of peak systolic velocity at the mitral annulus.
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a positive correlation with Elv in both sexes, though
signiﬁcance was reached only in men (men: r¼ 0.372,
p¼ 0.002; women r¼ 0.339, p¼ 0.06) while DC was
associated with Elv only in women (r¼0.384,
p¼ 0.036; men: r¼0.203, p¼ 0.097). No statistically
signiﬁcant correlation was found for PWV.
Multiple regression models adjusted for age, BMI,
BP-lowering therapy, BP and including the variables
signiﬁcantly associated with Elv in the univariate ana-
lysis showed that Ea and AIx remained statistically sig-
niﬁcantly associated in men; in contrast in women only
Ea remained correlated with Elv (Table 3).
Discussion
Data regarding AVC in hypertension are yet available,
however, little is still known on the inﬂuence of clinical
and vascular parameters on ventricular stiﬀness esti-
mated non-invasively as Elv. The main ﬁnding of our
research was that, in a population of hypertensive
patients, major determinants of Elv were only gender
and Ea, while indices of vascular properties and func-
tions were no longer signiﬁcant in multivariate models
adjusted for confounding factors.
Data regarding Ea and Elv in literature are not
homogeneous mainly due to diﬀerent techniques used
for their evaluation, however, our results regarding
elastances are in line with other published observations
and the population of Asklepios study (n¼ 1755): Ea
1.42 (1.19–1.68) mmHg/mL, Elv 1.73 (1.44–2.12)
mmHg/mL, AVC 0.82 (0.72–0.92).16
The reciprocal inﬂuence of arterial and Elv can be
explained by the anatomical and the functional connec-
tion of the heart with the arterial tree. It has been
already shown that LV systolic and diastolic stiﬀness
increase in parallel with arterial stiﬀness in various con-
ditions, such as age and hypertension5,17,18 in order to
preserve the maximum eﬃciency of CV system.
That is not surprising since arterial hypertension is
responsible for several features of vascular and cardiac
remodeling, such as increased carotid wall thickness,
central arterial wall stiﬀness, early reﬂected waves, LV
hypertrophy and myocardial ﬁbrosis, which are tightly
interconnected.19 In presence of hypertension, Ea
increases and Elv rises in order to respond to the
increased afterload and maintain optimal systolic
blood ejection. The rise in Elv is accomplished through
increased contractility and cardiac remodeling, allow-
ing the normalization of LV systolic wall stress and the
preservation of LV systolic function.19 Some studies
have already examined the impact of hypertension on
AVC and its components: Ea and Elv are reported to
be increased, between 15–60 and 16–95%, respectively,
in hypertensive patients compared with normotensive
Table 3. Multiple regression models in male and female par-
ticipants in the study, considering Elv as dependent variable and
adjusted for age, BMI, BP-lowering therapy, BP.
Male Female
Standardized
coefficient R2 p value
Standardized
coefficient R2 p value
Ea 0.897 0.540 <0.001 0.883 0.392 <0.001
AIx 0.275 0.043 0.040 0.052 0.002 0.767
DC 0.062 0.003 0.645 0.185 0.027 0.276
Elv: ventricular elastance; BP: blood pressure; Ea: arterial elastance; AIx:
augmentation index; DC: carotid distensibility coefficient.
Elv 
Ea
 
EA= -0.22 + 0.91* Elv 
Elv 
Ea
 
EA= 0.02 + 0.75* Elv 
(a) (b)
Figure 1. Regression between arterial elastance (Ea, mmHg/ml) and ventricular elastance (Elv, mmHg/ml) in the study population
according to gender: male (A) and female (B).
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controls, while the coupling ratio remained similar20,21
However, higher values of Ea and Elv (even with a
preserved ratio), may be not without a cost: a stiﬀer
heart-arterial system generates a greater systolic pres-
sure change for a given change in SV, resulting in
greater BP liability and increased sensitivity to ﬂuid
changes.16,22 An altered coupling also inﬂuences myo-
cardial perfusion by elevating the proportion of coron-
ary ﬂow during systole (up to 50%), thus worsening
the impact of regional coronary ischemia.
Furthermore, remodeling process (associated with the
progression of hypertensive disease) causes loss of LV
contractile and diastolic reserve, resulting in a higher
risk of development of HFpEF, especially in
women.6,7,23
Indeed, gender diﬀerences have been reported: women
have a higher value of resting Ea and Elv compared to
men at any age.18,21 Chantler and Lakatta17 also noticed
in an untreated population free from CV disease, Elv was
disproportionately greater in hypertensive women com-
pared to Ea, resulting in lover AVC. In our population,
similarly to other published works, Elv and Ea were con-
ﬁrmed to be higher in women compared to men (while
their ratio was similar) suggesting that in hypertensive
patients AVC is tightly controlled, within a narrow
range to optimize energetic eﬃciency. Furthermore,
though Elv is widely regarded as a load independent
index of LV contractility, it is also inﬂuenced by the geo-
metric and biochemical properties that underlie left ven-
tricular stiﬀness24 indeed women, which show higher Elv
than men, have also been reported to develop greater LV
hypertrophy and more maintained systolic function com-
pared to men in response to pressure overload.25
Another important ﬁnding is that AIx, which was
higher in women as compared to men, appeared to be
related to increased ventricular stiﬀness only in men. AIx
has already been independently associated with LV hyper-
trophy,26,27 though these results were not statistically pow-
ered to detect a sex-speciﬁc eﬀect (but in both studies,more
than 70% of the participants were men). Interestingly, in a
sample of 808 subjects of black African descent28 AIx was
associated with LVMI in men, but not in women.
Therefore, assuming a ‘‘gender-related eﬀect’’ of AIx on
LVM and the inﬂuence of LVM and geometry on Elv, it
seems possible that AIx may aﬀect Elv in men but not in
women. According to this hypothesis, in our population
the association between AIx and LVM was borderline
statistically signiﬁcant for men (r¼ 0.23, p¼ 0.05) but
not in women (r¼ 0.122, p¼ 0.52), supporting the concept
that the gender diﬀerence may be mediated by cardiac
remodeling and hypertrophy.
Because of the nature of our study, we cannot exclude
a completely diﬀerent point of view. AIx can be
considered not a genuine index of wave reﬂection
because aortic reservoir function and left ventricular sys-
tolic function have an inﬂuence on it as well: moreover
augmentation pressure can be directly altered by ven-
tricular contraction/relaxation dynamics rather than vas-
cular properties.29 Therefore, gender diﬀerences
highlighted by our results could be, at least partially,
explained, by confounding factor related to other LV
characteristics which cannot be fully assessed by conven-
tional standard two dimensional echocardiography.
Other limitations of the study should also be
acknowledged: cross-sectional design does not allow a
causality examination and the small sample size might
have led to misleading results in gender-speciﬁc analysis.
Elv calculation was estimated non-invasively con-
sidering negligible the value of V0 (the theoretical ven-
tricular volume at zero pressure) and Ea has been used
as genuine index of arterial load even if this assumption
is a matter of debate.30
Finally, no signiﬁcant correlation between Elv and
arterial stiﬀness was found. Although carotid-femoral
PWV measured with applanation tonometry technique
is considered as the ‘‘gold-standard’’ measurement of
vascular stiﬀness, some controversies which might lead
to misleading results should be mentioned; particularly
the potential error in measuring the distance between
femoral and carotid site (since small inaccuracies may
inﬂuence the absolute value of PWV) as well as the
‘‘validity’’ of generalized transferred function.
Hence, further studies are needed in order to evalu-
ate extensively the relationship between vascular stiﬀ-
ness parameters and Elv and the inﬂuence of gender.
In conclusion, in hypertensive patients, main deter-
minants of Elv are Ea, as an integrated index of arterial
vascular load, while large artery stiﬀness per se seems to
play a marginal role. Furthermore we highlighted a
gender-speciﬁc association between Elv and pressure
augmentation, which might play an additional role in
men.
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